A mong the most debilitating consequences of arboviral infections of the CNS is impairment in cognitive function that occurs despite recovery from acute encephalitis. Mosquitoborne infections with flaviviruses, in particular and including WNV and Japanese encephalitis virus, are linked to significant long-term cognitive sequelae, including decreases in psychomotor speed and in verbal and visuospatial learning, which not only persist but also worsen for years after recovery from encephalitis 1 . In addition, the recently emerged and related flavivirus ZIKV may cause a range of neurological complications in adults, including encephalopathy, and meningomyelitis or encephalomyelitis, which may be associated with defects in memory and cognition with unknown longterm outcomes for survivors 2 . In the adult CNS, WNV targets fully differentiated neurons 3 , whereas Japanese encephalitis virus targets immature neurons 4 and ZIKV may additionally target microglia 5 and neural progenitors 6 depending on the strain. That recovery from infection with these viruses may all correlate with reduced learning abilities, despite their differential tropism for neural cell subtypes, suggests that events triggered acutely may be generalizable for a broader category of memory disorders.
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The formation and consolidation of memories occur primarily in the hippocampus and depends on the integrity of a trisynaptic circuit between the entorhinal cortex, the hippocampal dentate gyrus (DG) and the cornu ammonis (CA). In particular, excitatory connections between CA3 pyramidal neurons support the formation of spatial memories in adult rodents 7 . Accordingly, memory disorders, including those associated with Alzheimer's disease (AD), Parkinson's disease, and post-viral encephalitis cognitive sequelae, are all associated with disruptions in circuit integrity via synapse elimination or neuronal loss within the hippocampus [8] [9] [10] . Microglial function is critical for synaptic plasticity and for maintenance of adult neurogenesis within neurogenic niches 11, 12 . While mechanisms contributing to hippocampal dysfunction are incompletely understood, recovery from WNV infection clearly involves alterations in the homeostatic functions of microglia and astrocytes. This is because reactive changes in these cells persist for weeks after clearance of the infectious virus, which lead to complement-mediated synapse elimination within the CA3 region 10 and interleukin-1 (IL-1)-mediated inhibition of synaptic repair 13 . Activation of microglia and astrocytes in the acutely infected CNS promotes the parenchymal entry of antiviral T cells, which exert virological control via cytokine-mediated, non-cytolytic mechanisms. T cell cytokines such as IFN-γ may also influence microglial biology. In brain tissues of patients with multiple sclerosis, Parkinson's disease, or AD, infiltrating T cells are found in proximity to activated microglia [14] [15] [16] , and transition into AD dementia correlates with increased numbers of microglial majorhistocompatibility complex II (MHCII) + cells 17 . IFN-γ influences social interactions 18 , synapse formation 19 , neurogenesis 20 , and learning and memory 21 , primarily through regulatory mechanisms. Thus, IFN-γ-deficient animals show increased rates of hippocampal neurogenesis and synapse formation and hyperconnectivity in the prefrontal cortex 18, 19 , all of which are partially reversed by an injection of recombinant IFN-γ into the cerebrospinal fluid. Such effects suggest that IFN-γ dynamically influences circuit plasticity in adult animals. Resident memory T (T rm ) cells, which reside in non-lymphoid tissues at sites of prior antigen exposure, produce IFN-γ to coordinate rapid recall responses following re-challenge 22 . Although there is evidence to indicate that IFN-γ + T cells may induce microglial activation, the functional implications of a parenchymal population of T cells that persist in the CNS after clearance of viral infections remain unknown.
In this study, we demonstrate that antiviral T cells that persist within the hippocampus after recovery from flaviviral infection are the most proximal trigger of spatial-learning defects. Using newly established in vivo models of recovery from flaviviral encephalitis caused by either a mutant WNV (WNV-NS5-E218A) or ZIKV (Zika-Dakar virus) infection, we determined that CD8 + T cellderived IFN-γ is required for microglial activation and impaired spatial learning in the post-infectious CNS. We show that WNV and ZIKV differentially target forebrain regions within adult mice, especially with regard to the hippocampus, which exhibited dramatic differences in neuropathology. However, while both flaviviruses led to the persistence of IFN-γ + CD8 + T cells and microglial activation in the hippocampus following recovery, WNV infection was associated with the elimination of presynaptic termini, while ZIKV promoted the loss of neuronal nuclei and postsynaptic termini. Subpopulations of these T cells expressed CD103, a marker associated with the formation of brain T rm cells, which suggests that the newly formed T rm cells might contribute to these effects. Although IFN-γ receptor (IFNGR)-deficient mice (Ifngr1 -/-) infected with either WNV or ZIKV exhibited no acute defects in CNS virological control, spatial learning was preserved.
Ifngr1
-/-and Cd8 -/-mice exhibited early recovery of presynaptic termini expressing synaptophysin during recuperation from WNV infection. For ZIKV, Ifngr1
-/-and Cd8 -/-mice exhibited decreased neuronal apoptosis with recovery of postsynaptic termini that was most pronounced in the CA regions following viral clearance. Microglial-specific deletion of IFNGR protected mice against spatial-learning deficits and blocked alterations in synapses or neuronal numbers induced during recovery from infection with either virus. These results indicate that T cell and microglial interactions are critical for triggering post-infectious cognitive dysfunction through effects on hippocampal circuitry.
Results

ZIKV preferentially targets the adult hippocampus.
To address the mechanisms of cognitive recovery from neuroinvasive infection with ZIKV, we developed a model of ZIKV infection recovery in adult mice. Direct intracranial inoculation of 8-week-old C57BL/6J (wild-type (WT)) mice with ZIKV-Dakar (Dakar 41525, Senegal, 1984), which shows increased pathogenicity, including higher levels of inflammatory cytokine induction in mice, compared with Asian strains 23 , led to weight loss but 100% survival (Fig. 1a,b) . This was comparable to our established recovery model of infection with a mutant WNV 10 , a strain in which a point mutation in NS5, a nonstructural protein that encodes a 2′-O-methyltransferase, prevents viral recognition by tetratricopeptide repeats 1 (IFIT1), which normally acts to block translation of virion-delivered virusspecific RNAs 24 . ZIKV replicated to high levels in the hippocampus and cortex, and, to a lesser extent, in the cerebellum (Fig. 1c) . Quantitative PCR (qPCR) analysis of hippocampal tissue during acute ZIKV infection and recovery demonstrated robust induction of Cxcl10, Tnfa, and Il1a (Fig. 1d) , which are molecules known to play important roles during WNV infection of the CNS 25 . Detection of ZIKV or WNV envelope protein (E) mRNA via in situ hybridization revealed dramatic differences in viral tropism within forebrain regions. Robust levels of ZIKV E mRNA were detected within all regions of the hippocampi of all animals examined. By comparison, E mRNA in WNV-infected mice was variably detected in multiple areas throughout forebrain and hindbrain regions ( Fig. 1e; Supplementary Fig. 1a,b) . Immunohistochemical (IHC) detection of viral proteins within cellular targets of both viruses revealed that both WNV and ZIKV primarily targeted mature neurons ( Fig. 1f; Supplementary Fig. 1c,d) ; however, ZIKV E protein was also detected within NeuN + cells near the neurogenic subgranular zone of the DG, suggesting that there is additional targeting of immature neurons ( Supplementary Fig. 1e,f) . These data suggest that direct intracranial infection with ZIKV leads to high viral titers in the hippocampus and induces a neuroinflammatory immune response in animals that survive infection, providing a robust model for recovery from neurotropic viral infection.
ZIKV infection of the adult CNS is associated with loss of neurons. Expression of cytokines and chemoattractant molecules within the virally infected CNS promotes the recruitment and activation of antiviral T cells, which may persist after viral clearance with unknown consequences 26 . A transcriptional microarray analysis of hippocampal gene expression during recovery of WNV (25 days post-infection (d.p.i.)) indeed identified pathways associated with adaptive immune responses. Genes involved in antigen processing and presentation and in chemokine signaling 10 were identified, which suggests that cytokines and chemoattractant molecules persist beyond acute infection. Indeed, flow cytometry analysis of CD45
+ cells in the hippocampus during acute infection and after recovery from ZIKV and WNV encephalitis revealed a large population of infiltrating lymphocytes (CD45 hi CD11b − ), which were primarily CD8 + T cells, that persisted despite viral clearance ( Supplementary Fig. 2 ). Intraparenchymal T cells and activated astrocytes and microglia were detected robustly at all time points within the hippocampus during recovery from ZIKV infection (Fig. 2a,c) , whereas these cells were at the highest levels at 25 d.p.i. with WNV (Fig. 2b,d ). Consistent with prior work 10 , WNV infection did not lead to neuronal loss in the hippocampus (Fig. 2b,d ), although ZIKV infection led to a significant decrease in NeuN + cells during acute infection that plateaued by 25 d.p.i. (Fig. 2a,c) . These data suggest these flaviviruses exert distinct immunopathological effects during recovery.
Antiviral CD8
+
IFNγ
+ T cells associate with microglia in the postinfected hippocampus. An analysis of infiltrating CNS T cells in mice at 25 d.p.i. with WNV or ZIKV revealed significantly increased percentages of CD8 + T cells expressing the integrin CD103, which has been associated with CNS T rm cell formation 26 ( Fig. 2e,f) . Percentages of CD45 mid
CD11b
+ CX3CR1 + CCR2 − microglia expressing MHCII, a marker associated with microglial activation that is induced by the T cell cytokine IFN-γ, were also significantly increased (Fig. 2g,h ). Consistent with this, the qPCR analysis revealed that hippocampal Ifng expression increased following WNV and ZIKV infection, and remained significantly elevated during recovery (Fig. 3a,c ). An analysis of IFN-γ-YFP (yellow fluorescent protein) reporter mice at 25 d.p.i. demonstrated that CD3 + T cells expressed the bulk of IFN-γ in hippocampus at this time point, with IBA1 + microglia representing an additional source (Fig. 3b,d 
− lymphocytes, specifically CD8 + T cells (Fig. 3e-g ). An analysis of CD8 + IFN-γ + cells confirmed that a subpopulation of these cells expressed CD103, while detection of NS4B, the predominant CD8 epitope in WNV-infected mice 27 , via tetramer staining confirmed virus specificity ( Fig. 3f,g ; Supplementary Fig. 3 ). In addition, IFN-γ +
CD8
+ T cells were observed in close proximity to CX3CR1 + microglia at 25 d.p.i. (Fig. 3h,i ). An additional flow cytometry analysis of mice at 52 d.p.i. confirmed that CD8
+ IFN-γ + T cells persisted in the hippocampus 1 month after viral clearance ( Supplementary Fig. 3 ). These data show that antiviral T cells reside in the hippocampus following flavivirus infection, and may influence the reactivity of resident neural cell populations through cytokine signaling.
ZIKV-and WNV-infected mice show IFN-γ-mediated deficits in spatial learning post recovery. While IFN-γ is critical for virological control within the CNS, it is also a dynamic regulator of circuit . Thus, we hypothesized that IFN-γ signaling between T cells and resident CNS cells may underlie post-infectious cognitive sequelae. Mock, WNV, or ZIKV infection of Ifngr1 -/-and WT mice did not reveal significant differences in survival, weight loss, or clinical score between these animal models ( Supplementary  Fig. 4a-f) . Consistent with the clinical course, the kinetics of infectious viral replication in most brain regions of the CNS were similar between WT and Ifngr1 -/-mice following WNV and ZIKV infection (not shown), with the exception of the cerebella in Ifngr1 -/-animals, for which WNV clearance was significantly delayed, but cleared in both genotypes by 24 d.p.i. (Supplementary Fig. 4g-i) .
Mock-, WNV-or ZIKV-infected Ifngr1
-/-and WT mice underwent cognitive behavioral testing 1 month following viral clearance (Fig. 4a) . WT mice exhibited spatial-learning deficits on the Barnes maze following WNV infection, as previously described 10, 13 , as did those recovering from ZIKV infection, while Ifngr1 -/-mice were protected, showing similar learning curves to mock-infected controls (Fig. 4b,c) . To control for alterations in anxiety or movement that could impact performance in hippocampus-dependent tasks, we also performed open-field tests (OFTs). While WNV infection did not alter exploratory or anxiety-like behaviors during the OFT in WT or Ifngr1 -/-mice ( Fig. 4e,g ), ZIKV-infected WT and Ifngr1 
CCR2
− microglia isolated from the hippocampus of ZIKV-infected (g) and WNV-infected mice (h) express high levels of MHCII at 25 d.p.i. (n = 3 mice per group; P = 0.0035 (g) and P = 0.0023 (h)). For c-h, data represent the mean ± s.d. and were analyzed by two-way ANOVA, corrected for multiple comparisons (c and d) or by unpaired two-sided t-test (e-h). *P < 0.05, **P < 0.005, ***P < 0.001, ****P < 0.0001. mice crossed more lines during the OFT than mock-infected controls ( Fig. 4d ), but did not show differences in anxiety (Fig. 4f ). As this increase in locomotion was observed in both genotypes, this change in behavior is unlikely to explain the difference in the Barnes maze deficits observed between WT and Ifngr1 -/-mice. T cell-derived IFN-γ is required to achieve an antiviral state following antigen re-exposure 22 , which is an important functional outcome for T rm cell generation. Of interest, we found that there was decreased expression of the T rm cell marker CD103 in a subpopulation of CD45 Fig. 5a ,b). We also found high levels of CCR2 on a subpopulation of CD45 hi
CD11b
− CD8 + T cells in the hippocampus of mice that had recovered from infection, the expression of which did not change in the absence of IFN-γ signaling ( Supplementary Fig. 5c,d ). Importantly, CCR2 expression by CD3 + T cells has been demonstrated in human spinal cord tissue from cases of WNV encephalomyelitis 28 ; however, the functional consequence of CCR2 expression by T cells in the CNS remains unknown. Together, these data suggest that IFN-γ signaling negatively affects cognitive recovery from neurotropic viral infections, which is unlikely to be due to differences in clinical disease or virological control.
IFNGR signaling is required for neuronal apoptosis during recovery from ZIKV infection. Given the dramatic hippocampal targeting and neuronal loss observed following ZIKV infection (Figs. 1 and 2), we determined whether the altered survival of neural cells might underlie spatial-learning deficits. At 25 d.p.i. with ZIKV, Ifngr1
-/-and Cd8 -/-mice exhibited significantly higher levels of NeuN compared with similarly infected WT animals, in which levels were reduced by ~30% of mock-infected controls (Fig. 5a-c) . In comparison, WT, Ifngr1
, and Cd8 -/-mice had similar levels of detection of NeuN following recovery from WNV infection (Fig. 5e-g ). Consistent with prior studies 10 , we observed no ongoing neuronal loss in WT animals post recovery from WNV infection (Fig. 5e-g ). Consistent with the observed loss of NeuN + cells, TdT-mediated dUTP nick end labeled (TUNEL) + cells in the DG, CA3, and CA1 regions of the hippocampus of ZIKV-infected WT animals were significantly increased post recovery compared with mock-and ZIKV-infected Ifngr1 -/-animals post recovery (Fig. 5h) . Of note, levels of apoptosis within the DG were considerably lower and more variable than that observed in other hippocampal regions (Fig. 5a,d,h ). Within the CA3, which is a region critical for spatial learning, detection of NeuN + TUNEL + cells was significantly lower in ZIKV-infected Ifngr1 -/-and Cd8 -/-mice compared with similarly infected WT animals after viral clearance (Fig. 5i,j) . ZIKV did not target GAD67 + GABAergic neuronal populations, which suggests that the virus may not target interneurons ( Supplementary Fig. 6a ). In contrast, there were no significant differences in NeuN + TUNEL + cells in the hippocampus of WT and Ifngr1 -/-mice post recovery from mock infection or WNV infection (Fig. 5k) . ZIKV also did not alter the number of new neurons born within the DG during recovery from infection, which suggests that impairment in neurogenesis is not a contribution to long-term deficits ( Supplementary Fig. 6b ). However, increased neuronal loss and apoptosis persisted up to 52 d.p.i. in ZIKV-infected WT mice post recovery compared with mock-and ZIKV-infected Ifngr1 -/-mice post recovery ( Fig. 5l; Supplementary Fig. 6d ). These data indicate that WNV and ZIKV lead to differential effects on neurons, including pathology, that contribute to defects in spatial learning.
IFNGR is required for synapse elimination during recovery from WNV infection via IL-1.
Prior studies have demonstrated that WNV infection leads to acute and chronic loss of synaptophysin + presynaptic terminals, but preservation of Homer1 + postsynaptic terminals, which ceased by 52 d.p.i. 10 . In addition, expression of IL-1β by reactive astrocytes inhibits the recovery of presynaptic termini and is associated with spatial-learning deficits during recovery from WNV infection 13 . Given the synapse recovery observed in Ifngr1 -/-mice and the demonstration that IFN-γ influences IL-1β expression 29 , we examined levels of this cytokine in WNVinfected Ifngr1 -/-mice post recovery. Consistent with prior studies 13 , we detected increased IL-1β expression by GFAP + astrocytes in the hippocampus of WNV-infected WT mice post recovery, which was significantly decreased in Ifngr1 -/-animals at 25 d.p.i. (Fig. 6a ). As previously reported 10 , WNV-infected WT animals showed decreased synaptophysin + presynaptic terminals within the CA3 at 7 and 25 d.p.i., while WNV-infected Ifngr1 -/-and Cd8 -/-animals demonstrated limited evidence of synapse elimination at either time point (Fig. 6b,c; Supplementary Fig. 6e ). This result suggests that IFNGR is required for synapse elimination during WNV infection. In contrast, and consistent with acute and chronic loss of NeuN + perikarya, ZIKV infection led to loss of Homer1 + postsynaptic terminals in WT and Ifngr1 -/-animals at 7 d.p.i., with preservation of synaptophysin + and vGlut + presynaptic terminals ( Supplementary Fig. 6c,f,g ). ZIKV-infected WT animals continued to exhibit decreased numbers of Homer1 + postsynaptic terminals within the CA3 at 25 and 52 d.p.i., while ZIKV-infected Ifngr1 -/-animals exhibited recovery of postsynaptic termini by 52 d.p.i. (Fig. 6d,e) . ZIKV-infected WT and Ifngr1 -/-animals also both displayed significantly increased IL-1β expression by GFAP + astrocytes in the hippocampus compared with mock-infected controls post recovery ( Supplementary Fig. 7a ). Of note, IL-1β expression was not detected within IBA1 + cells at 25 d.p.i. (not shown). These data 
CD8
+ T cells were further analyzed for CD103 expression, and IFN-γ + CD8 + T cells were analyzed for virus specificity via NS4B tetramer staining. f,g, Quantification of indicated populations (n = 4 mice per group). For f, P = 0.0402 (P1 versus P2), P < 0.0001 (for other comparisons), P = 0.0011 (P3: CD4 versus CD8), and P = 0.0006 (CD103 + : CD4 versus CD8). For g, P < 0.0001 (for other comparisons) and P = 0.0002 (CD103 + : CD4 versus CD8). Full gating strategy and absolute numbers are provided in Supplementary Fig 3. h,i, IFN For a-d, f, and g , data represent the mean ± s.d. and were analyzed by one-way ANOVA and corrected for multiple comparisons. *P < 0.05, **P < 0.005, ***P < 0.001, ****P < 0.0001.
suggest that persistent alterations in postsynaptic termini contribute to spatial-learning deficits in ZIKV-infected mice independent of IL-1β signaling.
IFNGR signaling potentiates microglial engulfment of postsynaptic termini and perikarya in ZIKV-infected animals. Phagocytic roles for microglia are well established and include removal of both apoptotic newborn cells in the neurogenic niche of the hippocampus and non-apoptotic TBR2 + neural progenitors in the developing cerebral cortex, in addition to synapse pruning and elimination, the latter of which requires the upregulation of markers of microglial activation 30 . We therefore wondered whether T cell-derived IFN-γ signaling is required for synapse elimination or neuronal loss following WNV or ZIKV infection, respectively, via specific effects on microglia. Indeed, both WNV and ZIKV infection led to increased expression of IBA1 at 25 d.p.i. in WT mice, which did not occur in similarly infected Ifngr1 -/-animals ( Fig. 7a,b) . Importantly, no differences in numbers of CD45 hi
CD11b
+ CX3CR1 + CCR2 − microglia cells or expression of TMEM119, a recently described homeostatic marker for microglia, were observed in WNV-and ZIKV-infected WT and Ifngr1 -/-animals post recovery ( Supplementary Fig. 7b-e ). This result is consistent with prior data demonstrating that viral infections do not promote microglial proliferation 
CCR2
− microglia revealed increased expression of MHCII in WNV-and ZIKV-infected WT animals post recovery; this increased expression was significantly attenuated in Infgr1 -/-animals ( Supplementary Fig. 7f,g ). This finding confirms that IFN-γ contributes to microglial activation in the post-infectious CNS. (Fig. 7c-f ). These data suggest that microglia may be critically involved in responses to T cell-derived IFN-γ that drive cognitive impairment after infection with either WNV or ZIKV.
Microglial-specific deletion of IFNGR protects animals against spatial-learning defects. Given the shared alteration in microglial activation observed in both WNV-and ZIKV-infected animals post recovery in the absence of IFN-γ signaling, we utilized a conditional deletion paradigm to determine whether IFN-γ signaling within microglia of mice post recovery was responsible for the observed spatial-learning deficits. Cx3cr1 
Ifngr
fl/fl (referred to as Cre -hereafter) littermate controls were mock-infected or infected with WNV or ZIKV, and then treated with tamoxifen 1 week after infectious viral clearance (at 19 and 21 d.p.i.). Animals were allowed to recover for 3 weeks to achieve specific deletion of Ifngr in long-lived microglia while allowing time for short-lived CX3CR1-expressing myeloid populations to turnover 31 ( Supplementary Fig. 8a-d) , at which time cognitive behavior testing was performed (Fig. 8a) . Similar to WT animals, tamoxifen-treated Cre -animals displayed significant spatial-learning deficits on the Barnes maze following WNV and ZIKV infection (Fig. 8b,c) . In contrast, tamoxifen-treated Cre + animals performed similarly to mock-infected controls (Fig. 8b,c) . OFTs confirmed no differences in locomotor activity or anxiety between experimental groups, with the exception of an increase in activity in ZIKV-infected WT animals, as previously shown (Fig. 8d-g ). Importantly, microglial-specific deletion of Ifngr after viral clearance was sufficient to prevent elimination of synaptophysin + presynaptic termini and neuronal apoptosis in WNV-and ZIKV-infected mice, respectively (Fig. 8h,i) . A lack of increased microglial MHCII expression was also observed in WNV-and ZIKV-infected Cre + mice post recovery ( Supplementary Fig. 8e,f) , confirming that IFN-γ signaling in microglia during recuperation promotes their continued activation. Together, these data suggest that IFN-γ signaling in microglia contributes to microglial activation and spatial-learning deficits following clearance of infectious WNV and ZIKV from the CNS. and were analyzed by two-way ANOVA, and corrected for multiple comparisons. *P < 0.05, **P < 0.005, ****P < 0.0001. -/-WNV), or 7 (Ifngr1 -/-Mock) mice per group). Scale bar, 10 μm. For all panels, data represent the mean ± s.d. and were analyzed by two-way ANOVA, and corrected for multiple comparisons. *P < 0.05, **P < 0.005, ****P < 0.0001.
Discussion
Antiviral T cells persist within the CNS for months to years after neurotropic viral infections 26 . The extent to which these tissue-resident cells impact on normal brain function is unclear; however, studies of acutely infected mice suggest that CD8
+ T cells may damage neuronal structures, such as dendrites, during viral clearance 32 . Here, we developed a novel murine model to evaluate mechanisms of cognitive decline following adult ZIKV infection. We found that ZIKV preferentially targets and induces the loss of neurons throughout the hippocampus, which was also associated with the loss of -/-ZIKV), 5 (n = WT ZIKV), or 3 (Ifngr1 -/-Mock) mice per group; P = 0.0190). Scale bars, 10 μm. For a, b, e, and f, data represent the mean ± s.d. and were analyzed by two-way ANOVA, corrected for multiple comparisons. *P < 0.05, ***P < 0.001, ****P < 0.0001.
postsynaptic Homer1
+ termini. In contrast, the related WNV, which infects neurons throughout the CNS, led to elimination of synpatophysin + presynaptic termini, which was most pronounced within the CA3 region of the hippocampus, as previously described 10, 13 . Survival after infection with either virus was associated with the recruitment of antiviral CD4 + and CD8 + T cells, the latter of which persisted in the virus-cleared CNS, expressed CD103, and became a predominant source of IFN-γ. While IFN-γ + CD4 + T cells also persisted, targeted deletion of IFN-γ signaling or CD8 was sufficient for reversing the effects of WNV and ZIKV infection on synapses and apoptosis, respectively. IFN-γ signaling was required for synapse elimination during WNV infection and for the loss of neuronal cell bodies and recovery of synapses after ZIKV infection. Levels of IFN-γ remained elevated after viral clearance, and IFN-γ signaling was required for microglial activation and cognitive dysfunction during recovery from infection with either virus. Microglia-specific deletion of Ifngr prevented the development of WNV-or ZIKVinduced hippocampal-dependent learning and memory deficits, suggesting that T cell signaling to microglia is a pivotal event in the development of post-infectious cognitive dysfunction after recovery and were analyzed by twoway ANOVA, and corrected for multiple comparisons (a-i). *P < 0.05, **P < 0.005, ***P < 0.001, ****P < 0.0001. from flavivirus encephalitis (Supplementary Fig. 9 ). We used an inducible CX3CR1-Cre line (Cx3cr1-Cre ERT ) and administered tamoxifen 1 week after viral clearance (~20 d.p.i.), when macrophages are no longer present in the CNS (Supplementary Fig. 2 ). We therefore designed this experiment to limit the possibility that non-microglial myeloid cells were participating in the process. Nevertheless, as CXC3R1 is not a specific microglial marker, nonmicroglial cells could possibly contribute to the results obtained.
Infection with ZIKV appears to target the hippocampus in our model. The pathogenesis of ZIKV infection is poorly understood, and there is considerable debate regarding the putative receptors that enable ZIKV infection of various cell types. Several entry receptors, including the innate immune receptor DC-SIGN, the transmembrane protein TIM-1, and TAM receptors (Tyro3, Axl, and Mertk), a family of phosphatidylserine receptors, have been extensively studied for their potential role as flavivirus entry receptors 33 . However, a more recent study investigating different infection routes of ZIKV, including subcutaneous, transplacental, vaginal, and intracranial infections in WT and TAM receptor null mice, showed no difference in viral titers 34 . TAM receptors, at least in mice, are therefore not essential for ZIKV infection, but may play roles in viral tropism. Studies examining Tyro3 expression in the rodent CNS, however, have demonstrated that it is specifically expressed within the neocortex, especially within the hippocampus 35 . Thus, although Tyro3 is not required for ZIKV infection, the high level of hippocampal expression of this receptor could potentially contribute to ZIKV targeting this CNS region. ZIKV also led to extensive and ongoing neuronal apoptosis in the hippocampus, which was attenuated in the absence of IFN-γ. This is consistent with studies of mice with CNS autoimmune disease, in which IFN-γ is observed to directly induce apoptosis of oligodendrocytes 36 . Alternatively, activated microglia can promote apoptosis by inducing phosphatidylserine exposure and subsequent phagocytosis of neurons by Mertk 37 . The differential extent of neuronal apoptosis and recovery in ZIKV-infected WT, Ifngr1 -/-, and Cd8 -/-mice supports reports that a threshold number of neurons may be needed to achieve spatial learning 38 . Resolution of neuroinflammation may involve FasL-mediated apoptosis of T cells 39 , which may explain the increased numbers of TUNEL + cells that are not neurons. The persistence of presynaptic termini after ZIKV infection suggests that synaptic boutons of injured axons of hippocampal neurons may be resistant to the rapid loss incurred by other cortical neurons 40 . This also suggests that microglial activation following viral infection does not universally lead to elimination of presynaptic termini, even among closely related virus family members, and that mechanisms leading to microglial-mediated phagocytosis of synapses or neuronal nuclei may be distinct 41 . Elimination of presynaptic termini following WNV infection requires the complement component C3 and its receptor C3aR 10 . Astrocytic C3 induces C3aR-mediated phagocytosis in a model of AD, but this is attenuated with prolonged exposure to C3 (ref. 42 ), which may explain the lack of elimination of presynaptic termini in the setting of the observed robust and persistent ZIKV-induced astrogliosis.
Loss of IFN-γ signaling also led to attenuation of astrocyte activation during recovery from WNV, but not ZIKV, infection. The lack of astrocyte activation in Ifngr1 -/-animals protected animals against astrocyte IL-1β production 13 , which limits synapse repair during recovery from WNV infection 13 . This effect could be caused by a direct loss of IFN-γ signaling in astrocytes, or it could be secondary to the lack of microglial activation 43 . In our model, the latter explanation is more probable given that specific deletion of Ifngr in microglia was sufficient to protect animals against spatial-learning deficits, and prior work has demonstrated that in Csf1r -/-mice, which lack microglia, lipopolysaccharide injection fails to activate astrocytes 44 . These studies suggest that signaling between microglia and astrocytes critically regulates ongoing neuroinflammation following viral clearance.
That spatial learning is preserved in ZIKV-infected Ifngr1 -/-animals post recovery despite widespread astrocyte reactivity and IL-1β production, which is pathogenic in WNV-infected animals post recovery, adds to the growing body of work demonstrating that heterogeneity in astrocyte reactivity can promote or prevent CNS repair in a disease-specific manner 44 . Although the full spectrum of clinical complications after infection with ZIKV remains unclear, the incidence of neurological manifestations is increasing, including reports of cognitive sequelae 45, 46 . Our study also detected increased motor activity in ZIKV-infected mice post recovery. Of interest, neuropsychiatric symptoms, including hyperactivity and hypomania, have been reported in a young adult presenting with ZIKV encephalitis 46 . This finding suggests that ZIKV targeting of the hippocampus may influence cognitive functions beyond spatial learning. Cognitive dysfunction after recovery from WNV infection was first reported in the United States approximately 8 years after its emergence in the New York area 47 , and numerous clinical studies since that time have documented persistent psychological and cognitive sequelae following WNV infection 1 . Moreover, the induced cognitive sequelae may worsen over time 1 . In humans, male sex is independently associated with developing neuroinvasive disease and death, especially in older individuals 48 . While no studies have addressed sex differences in cognitive outcomes, higher survival rates of female patients could impact potential findings. In our study, we used both male and female animals in numbers powered to assess cognitive dysfunction but not sex differences. Further studies of both humans and rodents are needed to examine sexually dimorphic features of neurological sequelae after flavivirus encephalitis.
The differential effect of global versus cell-specific deletion of IFNGR on locomotor activity in ZIKV-infected mice suggests that cell-specific roles for this receptor in motor activity may occur during recovery. In addition to microglia, IFNGR is also expressed by astrocytes, neurons, and brain microvasculature, which may each exhibit regional differences in their levels of expression and/or signaling pathways. Given that ZIKV also targets axons in the pyramidal tract (Fig. 1e) , it is possible that effects on motor activity are mediated by any of these cell types within this brain region. As microglial-specific deletion of IFNGR abolished hyperactivity, it is possible that IFNGR signaling in microglia specifically limits the effects of the virus on motor function. As the effect was not abolished in mice with global IFNGR deletion, it is possible that IFNGR signaling of other cell types might override the effects of microglia. Additional studies examining regional and cell-specific differences in IFNGR signaling are needed to determine the mechanism of this effect.
In summary, our studies demonstrate that re-establishing circuit integrity through recovery of lost synapses or neurons is critical for restoring hippocampal function after injury, and identify IFN-γ signaling to microglia as a proximal regulator of this repair in the post-infectious CNS. Given the recent association of herpesviral infections 49 and T cells 50 within the CNS parenchyma of patients with AD, the mechanisms uncovered in our study could have implications for other types of memory disorders.
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